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Abstract In situ high-pressure synchrotron X-ray dif-
fraction and infrared absorption experiments for gibb-
site were performed at room temperature up to 53 and
25 GPa, respectively. A phase transition was confirmed
at about 2.5 GPa. The high-pressure phase is indexed as
an orthorhombic structure, rather than a triclinic
structure as reported in previous studies. The com-
pressibility of gibbsite and its high-pressure polymorph
were studied, and their bulk moduli K0 were determined
to be 49 and 75 GPa, respectively with K0¢ as 4. The
in situ high-pressure infrared absorption spectra re-
vealed the gradual disordering of hydrogen substructure
above 15 GPa in quasihydrostatic compression.
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Introduction

The water reservoir in the Earth’s mantle is one of the
key subjects in geosciences, and recently Murakami
et al. (2002) suggested that the Earth’s lower mantle
may store more water than the oceans after studying
lower-mantle minerals synthesized in a natural peri-

dotitic composition. Thus, knowledge of the high-
pressure behavior of hydrous minerals is important to
an understanding of the source of water, and its role in
deep focus earthquakes in the Earth’s mantle. In the
aluminum trihydroxide case, four polymorphs, i.e.,
gibbsite [a-Al(OH)3], bayerite [b-Al(OH)3], nordstran-
dite [c-Al(OH)3], and doyleite, have been found in
nature. Among them, gibbsite is one of the most
abundant natural minerals in the aluminum hydroxide
and oxide family, and has attracted experimental and
theoretical attention from the point of view of miner-
alogical and industrial applications (e.g., Gale et al.
2001; Ruan et al. 2001; Digne et al. 2002; Johnston
et al. 2002). In 1996, Huang et al. reported a high-
pressure phase transition in gibbsite above 3 GPa from
Raman spectra and X-ray diffraction, and the nord-
strandite (triclinic structure) was proposed as a can-
didate for the quenchable high-pressure phase. In 1999,
Huang et al. identified the high-pressure phase as
nordstrandite from the improved data up to 10 GPa
using high-pressure in situ angle-dispersive X-ray dif-
fraction. Some hydrous minerals were found to be-
come unstable upon further compression, such as
amorphization in Ca(OH)2 (Kruger et al. 1989; Nagai
et al. 2000), or gradual disordering of the hydrogen
sublattice in Co(OH)2 (Nguyen et al. 1997; Parise et al.
1999; Shieh and Duffy 2002). Therefore, higher-pres-
sure research on gibbsite to check its stability upon
further compression was our original motivation. In
this report, we carried out an in situ high-pressure
study on gibbsite up to 53 GPa for XRD and 25 GPa
for IR, respectively, at room temperature, and re-
indexed the high-pressure phase as an orthorhombic
structure. The high-pressure phase remained stable up
to the maximum pressure reached in the XRD exper-
iments, could be quenched when the pressure was re-
leased, and remained stable under ambient conditions
for over 6 months. The gradual disordering behavior
for the hydrogen sublattice above 15 GPa was ob-
served from in situ high-pressure IR measurements
during a quasihydrostatic compression process.
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Experimental

The energy-dispersive X-ray diffraction (EDXRD) experiments
were carried out at beamline X17C (Hu et al. 2000) of National
Synchrotron Light Source (NSLS), Brookhaven National Lab.
T301 stainless steel gaskets with a hole diameter of about 100 mi-
crons for the sample chamber were used in a diamond-anvil cell
(DAC). The gibbsite powder sample and several ruby chips were
loaded in the DAC, with different pressure-transmitting media
including helium, argon, and a methanol–ethanol (4:1) mixture, in
different runs. A Ge solid-state detector was set at a two-theta angle
of 10� to collect diffraction patterns. A small amount of sample
with respect to the amount of pressure medium was loaded in the
DAC to avoid the sample touching both diamond anvils during
compression, and therefore to achieve a pressure which was more
hydrostatic. This, together with the weakness of the X-ray scat-
tering, resulted in a long acquisition time of a few hours to collect a
high-quality diffraction pattern. The synthetic gibbsite powders
from three sources (Alfa Aesar company, Baker company, offered
by Huang et al. 1999, as well as the synthetic sample from Institute
of Chemistry, Chinese Academy of Science, Beijing), were used as
starting materials in the in situ high-pressure X-ray diffraction
studies to check their phase-transition pressure. No obvious dif-
ferences were observed within the experimental uncertainty.

The in situ high-pressure infrared absorption spectra of the
sample over 600 to 4000 cm)1 range were collected on a Bruker IFS
66 s/V FTIR spectrometer with an MCT detector at beamline
U2 A (Hemley et al. 2000) of NSLS. To avoid any saturated
absorption, a thin sample pellet with thickness less than 5 lm and
about 70 lm in diameter was pre-pressed, and then loaded in a
T301 steel gasket hole, which was about 180 lm in diameter and
about 40 lm in thickness, in an optical diamond (type-IIa) anvil
cell. The high-pressure IR spectra were measured up to 25 GPa at
room temperature. Argon was used as pressure medium. The ruby
fluorescence method was used for pressure calibration in both
XRD and IR experiments.

Results and discussions

Compressibility of gibbsite

X-ray diffraction patterns of Al(OH)3 during compres-
sion up to 53 GPa in a methanol–ethanol pressure
medium are shown in Fig. 1. The diffraction data of
gibbsite were also collected in a helium pressure med-

ium. Then the derived lattice parameters of gibbsite as a
function of pressure are summarized in Table 1. The
initial axis compressibility (see Fig. 2a) was found as c/c0
>a/a0 >b/b0, while the b angle of monoclinic structure
increases with pressure before the phase transition oc-
curred. This behavior is in agreement with previous
studies (Huang et al. 1999). Gibbsite is a layered-type
compound, in which the layer consists of a stacking of
AlO6 octahedra with one shared edge along the a–b
plane. Each oxygen atom links to one hydrogen atom,

Fig. 1 Typical diffraction patterns of Al(OH)3 upon compression
to 53 GPa with methanol–ethanol mixture as pressure medium

Table 1 The compression data for gibbsite and its high-pressure
polymorph. Most of the data listed in this table were derived from
XRD data using methanol–ethanol as the pressure medium, while
the data from helium as pressure medium are marked by * and

were also used in the gibbsite’s bulk modulus fitting. The
uncertainties in pressure scale, cell parameters, b, and unit-cell
volume are about ± 1%, ± 0.002 Å, ± 0.2o, and ± 0.3 Å3,
respectively

Gibbsite (monoclinic) High-pressure phase (orthorhombic)

P(Gpa) a (Å) b (Å) c (Å) b (�) V (Å3) P(GPa) a (Å) b (Å) c (Å) V (Å3)

0 8.655 5.073 9.716 94.6 425.2 5.0 8.529 4.968 9.050 383.4
0.7* 8.603 5.051 9.628 94.8 416.9 8.7 8.412 4.900 8.895 366.6
1.0 8.611 5.046 9.618 94.8 416.4 11.6 8.360 4.859 8.799 357.4
1.2* 8.552 5.041 9.618 95.2 412.9 14.7 8.295 4.829 8.703 348.6
3.2* 8.550 4.991 9.482 96.0 402.4 17.8 8.254 4.791 8.622 340.9
5.0 8.534 4.970 9.269 96.2 390.8 21.3 8.188 4.750 8.545 332.3

23.5 8.132 4.730 8.499 326.9
25.3 8.109 4.720 8.480 324.5
27.5 8.089 4.701 8.434 320.7
29.4 8.069 4.699 8.405 318.6
31.9 8.050 4.659 8.371 313.9
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while half of the hydrogen atoms form the intralayer
hydrogen bond in the a–b plane and the other half form
the interlayer hydrogen bonds along the c direction. The
structural features of gibbsite, i.e., weaker bond direc-
tion along layers, make its c axis more compressible at
the beginning of compression. This is a common
behavior in hydrous minerals with layered-type struc-
ture.

The bulk modulus of gibbsite was experimentally
reported as 85 GPa by Huang et al. in 1999. However, it
is in contrast with the simulation result by ab initio
quantum-mechanical calculations reported by Gale
et al. in 2001, in which the bulk modulus of gibbsite was
estimated as 55 GPa. The unreasonably large difference
(about 35%) between the experimental and theoretical
simulation results was explained as possible impurities in
experimental sample, such as sodium cations; these
made the bond between layers stronger than the
hydrogen bond alone, thus raising the bulk modulus.
Therefore further calculations are being done to deter-
mine the influence of sodium doping on the gibbsite
(Gale et al. 2001).

In this study, we also derived the bulk modulus
by fitting volume vs. pressure data of gibbsite to the

second-order Birch equation of state (EoS). In total, six
experimental data (in Table 1), including the data from
two coexisting phases, were used in the fitting. Figure 3
illustrates the experimental data and the fitting result,
while the data from Huang et al. (1999) were also plot-
ted for comparison. There is some pressure offset be-
tween the two sets of experimental data. Huang et al.
used Au as a pressure calibration material while we used
ruby fluorescence. The difference between these two
pressure calibrations is always very small at a

Fig. 2a The pressure dependence of lattice parameters a, b, c of
gibbsite and its high-pressure phase (methanol–ethanol mixture as
pressure medium; the error bars are omitted since they are smaller
than the symbol size). b The unit-cell volume change of gibbsite and
its high-pressure phase under pressure (methanol–ethanol mixture
as pressure medium; the error bars are omitted since they are
smaller than the symbol size)

Fig. 3 The EoS fitting results of the gibbsite, the error bars are
omitted since they are smaller than the symbol size
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low-pressure range within 5 GPa. One possible reason
for the offset may be partly attributed to the different
unit-cell volume under ambient conditions used. The
smaller unit-cell volume of 418.1 Å3 (Table 2 in Huang
et al. 1999) than that in JCPDS card as 425.168 Å3

under ambient conditions could produce a higher bulk
modulus value. In this report, the measured unit-cell
parameters (a ¼ 8.655 Å, b ¼ 5.073 Å, c ¼ 9.716 Å,
b ¼ 94.60 and V0 ¼ 425.2 Å3) from the refinement of the
XRD pattern under ambient conditions are very close to
the values in the JCPDS card (No. 33-0018) for gibbsite.
Then the bulk modulus K0 is estimated as 49 ± 2 GPa
by setting its pressure derivative K 00 as 4.

This K0 value is between the simulation results of 55
and 45 GPa, the latter derived directly from interatomic
potentials (Gale et al. 2001). This means that the density
functional approach base calculation did not really fail
in the bulk modulus issue of gibbsite; instead, if com-
pared with the experimental K0 value in this report, it
worked very well as in previous cases of a variety of
compounds. It is probably understandable that Gale
et al.’s simulation slightly overestimated the bulk mod-
ulus value as 55 GPa. In their simulation, the gibbsite
structure was optimized and the volume was overesti-
mated by about 4% from experimental data. The most
significant discrepancy was from the b angle of mono-
clinic gibbsite, which was estimated to be smaller than
experimental data. This may enhance the bond between
layers and thus give a bigger bulk modulus. The
improvement of the theoretical optimized structure of
gibbsite, which was close to experimental values by using
extensive optimization of basis functions, was reported
by Digne et al. (2002) in a similar calculation method.
The elastic constants of gibbsite based on the theoreti-
cal simulation (Digne et al. 2002) will be very helpful
in further high-pressure single-crystal experimental
research.

Crystal structure of the high-pressure phase
and its compressibility

A phase transition around 3 GPa was observed by
Huang et al. in 1996 and 1999, and the high-pressure

phase was identified as nordstrandite structure with tri-
clinic symmetry. In this report, various pressure media
were used to confirm the phase-transition pressure, and
no obvious pressure medium dependence was observed.
The new phase diffraction peaks appeared around
2.5 GPa, and the phase transition was completed as
pressure reached 5 GPa. In fact, Dachille and Gigl first
reported a high-pressure phase from gibbsite in 1983
using an opposed-anvils apparatus, and the high-pres-
sure phase appeared above 1.5 GPa even at room tem-
perature. A slow conversion rate from gibbsite resulted
in the concentration of the high-pressure phase as 30–
60% in the final sample mixture. In spite of the difficulty
of the phase identification from the two coexisting phase
samples, they already ruled out the possibility of the
high-pressure phase as any known Al(OH)3 polymorph
by comparison of the XRD and IR spectra. Then the
unknown high-pressure phase was indexed as a mono-
clinic structure with b angle as 90.480 (Dachille and Gigl
1983). The assignment for the irreversible high-pressure
phase as nordstrandite was not reasonable from the
high-resolution angle-dispersive XRD data (Huang
et al. 1999). For example, the most important new
strong peak in the quenched new phase with
d ¼ 3.978 Å (image plate data, Table 1 in Huang et al.
1999), was assigned as d ¼ 4.160 Å and d ¼ 3.896 Å of
nordstrandite; this is obviously out of the experimental
uncertainty range of the angle-dispersive XRD. In the
previous reports (Huang et al. 1996, 1999), the hkl index
of the nordstrandite phase was also completely different
from the JCPDS card in spite of the claim of it’s being
cited from the JCPDS card.

In this report, the simpler XRD patterns after the
pressure-induced phase transition encouraged us to re-
index this high-pressure phase as orthorhombic. It was
difficult to correctly index the two phases in the coexisting
range around 2.5–5.0 GPa. Indexing became clear in the
pure high-pressure phase at higher pressure. Figure 4
shows a typical LeBail refinements result for the XRD
pattern of the high-pressure phase under 8.7 GPabyusing
the GSAS package (Larson and Von Dreele 1994), and
clearly indicates the high-pressure phase as an ortho-
rhombic structure. The orthorhombic structure is most
likely a transformation by the layer’s shifting its b angle to

Table 2 Pressure dependence
and mode Grüneisen para-
meters of IR frequencies of OH
bands in Al(OH)3

Gibbsite High-pressure phase
(below 15 GPa)

High-pressure phase
(above 15 GPa)

m0
(cm)1)

dm/dp
(cm)1 GPa)1)

cG dm/dp
(cm)1 GPa)1)

cG dm/dp
(cm)1 GPa)1)

cG

m (OH)1 3619 )0.9 )0.012
m (OH)2* 3586 )16.9 )0.231 )11.9
m (OH)4 3528 )10.3 )0.178
m (OH)h )12.0 )0.257 )8.0 )0.174
m (OH)6 3485 )18.5 )0.260 )14.3
m (OH)3 3395 )24.9 )0.359
m (OH)5 3375 )32.3 )0.469
d (OH) 913 3.6 0.192
d (OH) 979 9.9 0.490 4.9 0.366 3.5 0.258
d (OH) 1023 6.3 0.299
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90�while keeping other structural features similar to those
of gibbsite. The high-resolution angle-dispersive diffrac-
tion data are required to refine the high-pressure phase, at
least to obtain the structural information for the Al–O
framework change, and the corresponding high-pressure
work is in progress. The lattice parameters of the high-
pressure phase were listed in Table 1 and plotted in
Fig. 2a, in which the data were available up to 31.9 GPa
since the broader diffraction peaks at higher pressure re-
sulted in a great uncertainty in the refined parameters. The
second-orderBirchEoSfitting for the high-pressure phase
was also performed by using the data in Table 1, and its
bulk modulus was 75 ± 2 GPa while K 00 ¼ 4. Under
ambient conditions, the quenched new phase was refined

(a ¼ 8.690 Å, b ¼ 5.044 Å, c ¼ 9.500 Å) and its unit-cell

volume was 416.4 Å3, which was about 2% smaller than
the unit-cell volume of gibbsite under ambient conditions,
while the molar volume of the nordstrandite phase is
larger than gibbsite.

The XRD method provides limited information for
light elements, and is nearly blind to hydrogen. The
accurate structural information for the role of hydrogen
could be achieved from the spectroscopic studies such as
Raman and IR, which are more sensitive to the change
relative to hydrogen bonds. Frost et al. reported a sys-
temic study of the vibrational spectroscopy of gibbsite
from various synthetic and natural sources in 1999. In
2000, Wang and Johnston made an assignment of OH-
stretching modes of gibbsite, in which the interlayer and
intralayer OH vibrations were resolved by using polar-
ized single-crystal Raman spectroscopy. All these works
helped us to obtain more information from the high-
pressure IR spectra. The in situ high-pressure IR spectra
up to 25 GPa at room temperature are shown in Fig. 5.
Figure 6 demonstrates the corresponding pressure
dependence of the mode shifts of OH vibrational and
deformation bonds in Al(OH)3, in which the stretching
bands from the intralayer group OH1 at 3619 cm)1,

interlayer groups OH3 and OH5 at 3395 and 3375 cm)1

began to disappear during the phase-transition process.
These indicate that the original six unique OH groups
with the hydrogen and oxygen occupying the low site
symmetry in the gibbsite crystal structure decreased their
IR active mode number, and support our XRD result in
which the high-pressure phase was indexed as higher
symmetrical structure. The intralayer OH2 group was
reported between the OH1 and OH4 group (Wang and
Johnston 2000), thus we attributed the 3585 cm)1 mode
under ambient conditions and the corresponding mode
in high-pressure IR spectra also to intralayer groups and
marked as OH2* vibrational mode. The cause of the
difference between their frequencies under ambient
conditions is still unclear.

Before the phase transition occurred, all m(OH) modes
in the gibbsite phase shifted to lower frequencies due to
compression enhanced the hydrogen-bonding strength.
The three interlayer m(OH) modes at lower frequencies
shifted more than the three at higher frequencies for in-
tralayer modes. This difference could be understood as
greater compression along the layer direction (c axis)
with pressure, and this was similar to the low-tempera-
ture-induced m(OH) bands’ red shift trend which was
caused by thermal lattice compression. Wang and

Fig. 4 The LeBail refinement result for XRD pattern of the
Al(OH)3 high-pressure polymorph at 8.7 GPa, in which
Rwp ¼ 5.69%, Rp ¼ 4.10%

Fig. 5 In situ high-pressure IR absorption spectra up to 25 GPa at
room temperature
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Johnston pointed out that because of the intrinsically
weak coupling of the m(OH) vibration with the crystal
structure, the positions of the intra- and interlayer modes
with different crystalline symmetry are expected to be
similar, if not to degenerate. Thus we assume that the
continuing parts of m(OH) corresponding to intralayer
OH2* and interlayer OH6 still indicate that their OH
group is located at intralayer and interlayer positions,
respectively, in the high-pressure phase, while it is
unclear whether the peak located between them marked
as m(OH)h is from intra- or interlayer modes.

Disordering of hydrogen sublattice
in the high-pressure phase

Argon was used as pressure medium in the IR mea-
surement, which generates a quasihydrostatic pressure
condition to minimize the effect of stress-induced IR
band broadening. The m(OH) peaks became further
broadened above 15 GPa and the vibrational modes
merged together. Further compression resulted in a
more broadened band with a peak width around
300–400 cm)1 within the experimental pressure range up
to 25 GPa. These indicated a broad distribution of
OH bond length, angle, and strength in the sample, and
it was attributed to the gradual disordering of the

hydrogen sublattice upon compression in the pressure
interval of 15–25 GPa. Table 2 lists the pressure
dependence of these OH modes in the sample, and their
mode Grüneisen parameters, ciG ¼ � d ln mi

d ln V ¼
K0

mi0
ðdmi

dP Þ, also
were calculated by using the slope dmi=dP of each mode,
and the bulk modulus for the gibbsite and its high-
pressure phase obtained from XRD in this report. The
slopes of dvi/dP of IR-active modes, which were fitted
assuming linearly dependence with pressure, changed
abruptly around the phase transition, and two obvious
regions were separated around 15 GPa in the high-
pressure phase. The OH-stretching bands were taken as
describing the time-averaged hydrogen bond-strength
distribution throughout the sample, with a continuous
range of bond strengths caused by the positional disor-
der of the hydrogen atoms and their possible varying
involvement in intra- and interlayer hydrogen bonds
under compression above 15 GPa.

The corresponding high-pressure Raman spectra were
measured by Huang et al. (1996) up to 23 GPa, and three
additional peaks in OH-stretching modes’ range ap-
peared above 3 GPa. More OH vibrational modes were
derived from the broadened Raman signals from the
high-pressure phase. However, very recently, Johnston
et al. (2002) reported a single-crystal high-pressure Ra-
man spectra for gibbsite up to 5.5 GPa. The phase
transition occurred around 2.2 GPa while only three
Raman-active modes for the OH-stretching vibrational
band were observed for the pure high-pressure phase.
The latter results were in agreement with our high-
pressure IR results for the less active modes of OH
vibrations, and also supported the XRD result for a
higher symmetry (orthorhombic) structure than gibbsite.
If we take a closer look at the gibbsite powder Raman
spectra reported earlier (Fig. 3b in Huang et al. 1996),
only the two coexisting phase ranges clearly had more
peaks. The Raman bands became broadened at a higher-
pressure range, thus the pressure dependence of the OH
vibrational modes above the phase transition in Fig. 4b
of Huang et al. (1996) was not very reasonable. From the
high-pressure IR result discussed in this study, the fur-
ther broadened Raman peaks above 11 GPa (Fig. 3b in
Huang et al. 1996), could at least be partly explained by
the beginning of the hydrogen substructure disordering.

Co(OH)2 is one of the well-studied layered-type
hydrous minerals under high-pressure. Nguyen et al.
(1997) reported a partial amorphization under pressure
from Raman and XRD data with the hydrogen sub-
lattice amorphization abruptly occurring at about
11.2 GPa. Parise et al. (1999), from neutron-scattering
data for Co(OD)2, revealed a highly disordered but
crystalline proton arrangement and the spectroscopic
anomaly was attributed to a hydrogen repulsion
transition. Very recently, Shieh and Duffy (2002) re-
ported higher-pressure Raman and XRD results, and a
gradual disordering of the hydrogen substructure over
a broad pressure interval was observed. In spite of the
fact that the Al(OH)3 case is more complicated, since
both interlayer and intralayer hydrogen bonds play

Fig. 6 The pressure dependence of the mode shifts of OH-
stretching and deformation modes in Al(OH)3
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roles upon compression while Co(OH)2 has only in-
terlayer hydrogen bonds, to some extent a similarity
between them still exists. Similarly to the Co(OH)2
case, the high-pressure IR of Al(OH)3 also indicated
the gradual disordering of the hydrogen sublattice
because of its broadened IR vibrational modes above
15 GPa, while the Al–O substructure still remained
stable according to the corresponding XRD data. Just
as Shieh and Duffy (2002) pointed out, the disordering
of hydrogen may induce a small amount of local dis-
ordering in the Al–O basic structure, but is insufficient
to drive the system to complete amorphization under
compression. The further broadening of XRD patterns
above 30 GPa demonstrated to some extent the dis-
order distribution of the Al–O substructure, but they
still retained the ‘‘crystalline’’ instead of complete
amorphization within the experimental range up to
53 GPa.

The important contribution of broadening of OH
vibrational modes from the hydrogen bond angle dis-
tribution in hydrous minerals upon compression was
highlighted by Hofmeister et al. in 1999. In this case, the
hydrogen bond length was expected to become a little
shorter while their bond angle decreases further with
compression, especially for the interlayer hydrogen bond
during the phase transition in which the lattice param-
eter of c along the layer abruptly decreased while the a
and b decreased smoothly (Fig. 2a). Because of the lack
of precise assignment and possible confusion by the
overtone, the contributions of the lattice vibrations at
lower frequencies are not discussed in this paper. The ab
initio simulations are invited to reveal more information
in the electronic structure level for the role of intra- and
interlayer OH–O hydrogen bond changes, such as bond
length and angle, during phase transition, as well as the
detailed mechanism of the hydrogen substructure dis-
ordering process at higher pressure. This is possible to
carry out in current, well-developed calculation meth-
ods, for example, by the Car–Parrinello molecular
dynamics method.

The aluminum trihydroxides are chiefly crustal
minerals in a silicate-poor region, but may play a role
as water source in the mantle. The four polymorphs
have been found naturally, and the newest one,
doyleite, was first reported in 1985 (Chao et al. 1985;
Clark et al. 1998). The quenchable high-pressure
phase, which could completely transform from gibbsite
above 5 GPa and remain stable under ambient condi-
tions for at least 6 months from the sample in this
study, is possibly found in nature if it is really stable in
the mantle and crust environments. In fact, two of the
known Al(OH)3 phases (bayerite and nordstrandite)
were synthesized in the laboratory before their dis-
covery in nature.
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